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Bawa P, Murnaghan C. Motor unit rotation in a variety of human muscles. J Neurophysiol 102: 2265 -2272 , 2009 . First published August 5, 2009 doi:10.1152 /jn.00278.2009 . The phenomena of substitution and rotation among motor units of a muscle were examined in seven different muscles. Intramuscular motor unit activity and surface electromyographic (EMG) activity were recorded from one of the following muscles: abductor digiti minimi, first dorsal interosseous, extensor digitorum communis, flexor and extensor carpi radialis, tibialis anterior, and soleus. The subject was asked to discharge a discernible unit at a comfortable constant or rhythmically (pseudosinusoidally) modulated rate with audio and visual feedback. Results are reported from a total of 42 sets of motor units from all seven muscles. We observed that when a subject fired a motor unit for a long period, an additional motor unit frequently started to discharge after a few minutes. When the subject was asked to keep activity down to one unit, very often it was Unit 1 that dropped and Unit 2 continued to fire. Whereas Unit 2 had fired for a few minutes, Unit 1 resumed firing without any conscious effort by the subject. If the subject was then asked to retain just one unit, it was Unit 2 that dropped. Rhythmic modulation of firing rate of a tonically firing unit showed that whereas the threshold of this unit increased, the threshold of a phasically discharging unit decreased substantially. The increase in threshold of a tonically discharging unit is suggested to arise from inactivation of Na ϩ and Ca 2ϩ channels and the decrease in threshold of higher-threshold units is suggested to arise from an increase in persistent inward currents that may occur during prolonged contractions. Whether a unit stops or starts to fire is suggested to depend on a balance between the strength of the central motor command, persistent inward currents, and inactivation of voltage-gated channels. Such rotations among low-threshold motoneurons would ensure low-level sustained contractions to be viable not only in small hand muscles but also in larger limb muscles.
I N T R O D U C T I O N
Fatigue is a common phenomenon experienced by and studied in the motor system. Muscle and central fatigue have been discussed quite extensively (Gandevia et al. 1995 ), yet the word fatigue has rarely been used to describe the faltering state of motoneuron discharge during prolonged contractions. To prevent fatigue of the muscle fibers during sustained contractions, Forbes (1922) proposed the mechanism of rotation among motor units, ". . . sustained reflex contraction sometimes consists in alternate periods of activity and rest in individual muscle groups." This proposal implied that motoneurons fatigue and rest while others substitute for the resting motoneurons. A vast majority of the literature that immediately followed Forbes' proposal reported observing no rotation or substitution during long sustained contractions in humans (Gilson Jr and Mills 1941; Lindsley 1935; Smith 1934) . The inability to observe substitution or rotation is suggested to result from their experimental protocols. For example, in the paper by Smith (1934) , an effort to discharge the target motor unit was increased continuously, which maintained the activity of that unit, and recruited additional units, similar to the results reported in a recent study by Johnson et al. (2004) . Later studies that have claimed substitution and rotation to occur (Basmajian 1973; Fallentin et al. 1993; Person 1974; Thomas et al. 1978) have actually observed switching between motor units within a complex muscle when the subject switched tasks (Loeb 1985; Riek and Bawa 1992) . However, such switching in short timescales does not reflect the original definition of the term "rotation," since it is meant to occur during prolonged contractions that have the potential to fatigue muscle fibers. Prolonged firing of a motoneuron increases its threshold of recruitment and, as a result, a fresh unit is recruited when the "fatigued" unit cannot continue to fire. Therefore the fresh unit substitutes for the fatigued unit. After the original unit has rested, it resumes firing while the substitution unit ceases to fire to maintain force.
The first systematic study to clearly support Forbes' proposal of motor unit rotation was performed by Westgaard and DeLuca (1999) . Substitution and rotation among low-threshold motor units of the trapezius muscle were demonstrated when contractions were performed for 10 min. However, when Adam and De Luca (2003) examined the vastus lateralis muscle, they failed to observe any rotation among motoneurons innervating this muscle. From these experiments the authors concluded that the occurrence of rotation in trapezius was explained by the fact that it is a postural muscle, in which lowthreshold units are active for prolonged periods of time, necessitating rotation. In contrast, there is no imposition of prolonged discharge on motoneurons of the vastus lateralis and thus their properties do not require the phenomenon of rotation. This proposal was strengthened in two other studies that reported rotation in the human suprapinatus muscle, a postural muscle (Jensen et al. 2000) and lack of rotation during fatiguing contractions in human extensor carpi radialis muscle (Olesen et al. 2001 ). However, a later study (Bawa et al. 2006 ) demonstrated rotation among motoneurons innervating forearm and lower leg muscles, implying that this phenomenon is not restricted to motoneurons innervating the postural trunk muscles. It was suggested that the lack of observed rotation reported by Adam and DeLuca (2003) and Olesen et al. (2001) could be due to the experimental protocols, a problem similar to the one faced by studies in the 1930s and 1940s. In the Adam and De Luca (2003) study, a subject alternated a 55-s contraction with 6 s of complete rest. With such a protocol, first, the contraction is short and, second, a block of 6 s provides enough time for recovery from changes incurred by the motoneurons.
The following study examined the possibility of rotation among motor units in a variety of upper and lower limb muscles, including two hand muscles. The firing patterns of concurrently firing motoneurons were compared with two differ-ent contraction paradigms: 1) when the firing rate of the target motoneurons was maintained at a constant rate and 2) when the firing rate was modulated rhythmically. Under both conditions, rotation was observed. This work was previously presented in abstract form (Bawa and Murnaghan 2009) .
M E T H O D S
Data are reported from six subjects (five females and one male, ranging from 21 to 64 yr of age, including both authors). Experimental procedures were approved by the Ethics Review Boards of Simon Fraser University. All subjects signed a consent form for the experimental procedures.
Data were collected from two hand muscles: abductor digiti minimi (ADM) and first dorsal interosseous (FDI); three forearm muscles: flexor carpi radialis (FCR), extensor carpi radialis (ECR), extensor digitorum communis (EDC); and two lower leg muscles: tibialis anterior (TA) and soleus. Testing was done from only one of these seven muscles during any one experiment. Surface electromyographic (EMG) activity was recorded with a pair of Ag/AgCl electrodes secured to the skin overlying the belly of the muscle. Single motor unit (SMU) activity was recorded with either a concentric or a bipolar needle electrode (Nicolet Biomedical) inserted in one of the muscles under study (see Bawa et al. 2006 for details of methods).
During the experiment, the subject was asked to gently contract the muscle isometrically until a clear SMU could be seen and heard by the subject and the experimenter. Then, one of the following two protocols was followed.
1) For the "constant rate" protocol, the subject discharged the unit at a constant comfortable rate. When a unit fires for a long time, invariably an additional unit(s) joins the first one after a few minutes. When an additional unit(s) started to fire along with the original unit, the subject was allowed to fire both (or more) units for a few seconds. Then the experimenter asked the subject to relax slightly to ensure the firing of just one unit. When one unit was left, generally its rate was low; therefore the subject was asked to increase the rate slightly and maintain its firing. The same procedure was followed when any new or old unit started to fire with the maintained unit.
2) For the "rhythmic modulation" protocol, once the first unit was recruited, the subject was asked to modulate the firing rate of the unit approximately sinusoidally by contracting and relaxing. During the peak of force, additional units frequently discharged phasically. The behavior of tonically and phasically firing units was compared over prolonged periods. For this protocol, we ensured it was true excitation and relaxation of the motoneurons under observation rather than the alternating excitation of agonist-antagonist motoneuron pools by visually inspecting the recorded EMG of the antagonist muscle (see Fig. 3 ).
Analysis
Surface EMG, force, and SMU activities were recorded and digitized using a 1401Plus interface and Spike2 software (Cambridge Electronics Design, Cambridge, UK) and the data were stored on a personal computer. Acquisition rates were 4 kHz, 300 Hz, and 15 kHz for surface EMG, force, and motor unit records, respectively. Using Spike2, different motor units included on the same record were discriminated. Discrimination was visually inspected and corrected when possible. Extremely small motor unit potentials, when superimposed by larger potentials, could not always be cleanly discriminated (e.g., Fig. 1C , Unit1). However, to interpret these data, continuity of firing, rather than detection of each spike, was more important. Each clearly discriminated unit was saved on a separate channel and its firing was converted to instantaneous firing rate.
To estimate the relative discharge durations of various units in a set, we analyzed trials from the constant rate firing protocol with total firing duration Ͼ600 s and that showed rotation. The total duration of each set, during which any of its units fired, was measured. The total duration of activity of each unit within a set was measured. When there were more than two units per set, threshold differences between some units were not always clear. Only units with clear threshold differences were considered for this analysis. These units were identified as three different groups: lowest-threshold (LT), middle-threshold (MT) (when present), and highest-threshold (HT) units. The absolute duration of activity of each unit was then converted to a percentage of the total duration of that set. Finally, we used a one-way independent ANOVA to determine whether there were differences in the percentage firing times of LT, MT, and HT units in 19 sets of data.
R E S U L T S
Data are presented from 42 sets of motor units from seven muscles: FDI (7), ADM (5), FCR (9), ECR (1), EDC (1), TA (13), and soleus (6). The total duration of firing for the whole set ranged from 215 to 2,283 s (867 Ϯ 347, mean Ϯ SD). The number of units in each set ranged from 2 to 6 (2.8 Ϯ 0.7, mean Ϯ SD). Of the 42 sets, the firing rate of the target motoneurons was maintained at a constant rate in 31 sets and, in the remaining 11, the firing rate of the target motoneurons was modulated rhythmically (approximately sinusoidally).
Substitution was said to have occurred among a set of units when the first recruited unit stopped firing, whereas a later recruited unit continued to discharge for the total time the data were recorded. Rotation was said to have occurred when the initial unit resumed firing while the new unit could be dropped voluntarily by the subject. No substitution or rotation was said to be observed when the first recorded unit(s) continued to fire continuously, although additional units fired intermittently. However, even if the one unit fired continuously, there could be rotation among the additionally recruited units. Of the 42 sets of motor units, no substitution or rotation was observed in only 4 sets, 2 from TA and 2 from soleus. The duration of firing for these 4 sets ranged from 900 to 1,300 s; 2 sets were from the "constant rate" protocol and the other 2 were from the "rhythmic modulation" protocol. Substitution or rotation was observed among units of all 38 remaining sets.
Rotation during constant rate protocol
Several patterns for substitution and rotation were observed, particularly when there were more than two units in a set. Figure 1 , A, B, and C shows records from three sets of motor units from three different muscles: ADM, FCR, and FDI. For all three sets, surface EMG activity is illustrated in the bottom panels, isometric force in the next panels, and motor unit firing in the top two or three panels; motor unit activity is shown as an instantaneous rate for each unit in the set. Figure 1A shows rotation among Unit 1 and Unit 2 for a pair of ADM units. When Unit 2 was recruited, both force and EMG increased. When Unit 1 ceased to fire and Unit 2 continued to fire, both force and EMG decreased. Figure 1B shows the firing relationship between three FCR units. Although there is no rotation between Unit 1 and Unit 2, Unit 1 does rotate with Unit 3. Figure 1C illustrates a set of three units from FDI. Unit 1 and Unit 2 have the same thresholds; while Unit 1 rotates with a new Unit 3, Unit 2 continues to discharge continuously. These various patterns of rotation observed between recorded units suggest that stopping and resumption of firing among all units contributing to a contraction would be very difficult to predict.
The dependence of such activity would depend on multiple factors-for example, relative thresholds of motoneurons, the level of net excitatory input to the pool, the number of action potentials discharged by each motoneuron, and the level of persistent inward currents.
Rotation during rhythmic (pseudosinusoidal) modulation of firing rate
During the constant firing rate protocol, the recruitment of additional units may occur because the threshold of the first recruited unit has increased and, with the increased synaptic input, the firing threshold of a fresh higher-threshold motor unit is reached. Another possibility is that some mechanism during prolonged activation of the motoneuron pool lowers the thresholds of nonfiring motoneurons. A partial answer to this question was obtained from the protocol in which subjects were asked to rhythmically modulate the firing rate of the first recruited, tonically firing motor unit. It should be noted that for a subject, modulating force by following a given sinusoidal curve on the screen while maintaining continuous firing of a unit was found not to be possible. Therefore subjects were allowed to modulate the firing rate at their own pace in a pseudosinusoidal manner. Figure 2 shows a set of three units from TA in which the subject tried to rhythmically modulate the firing rate of Unit 1 and rotation was observed. At the beginning, Unit 2 was recruited during the peaks of the force and Unit 3 did not fire at all. After about 100 s, Unit 3 started to discharge phasically during the peaks of the force. Finally, after 420 s, Unit 3 started to fire tonically. While Unit 3 continued to fire, Unit 2 stopped firing at about 430 s and Unit 1 stopped as well around 460 s. At the end of this 500-s-long trial, the subject rested for a few minutes and the original firing pattern resumed (not shown). Figure 3 illustrates the behavior of three soleus units when the rate of Unit 1 was rhythmically modulated. Initially, Unit 1 and Unit 2 fired tonically. At about 350 s, Unit 3 became tonic and at the same time the subject relaxed and both the force and EMG decreased. The decrease in both EMG and force suggests there was less excitation of the motoneuron pool and the firing threshold of Unit 3 must have decreased. Later, Unit 1 continued to fire tonically, whereas Unit 2 and Unit 3 interchanged tonic and phasic responses. The absence of EMG in TA muscle during sinusoidal rate modulation of the soleus motor units shows that it was excitation and relaxation of soleus motoneurons and not reciprocal excitation of agonist and antagonist muscles. Relative sizes and shapes of the three units are shown on the top right on an expanded timescale.
Relative duration of firing between low-and highthreshold units
According to the size principle of orderly recruitment of motoneurons, small motor units discharge for longer periods than larger motor units, thus minimizing fatigue. If the intrinsic properties of motoneurons are the main factor in determining the firing threshold, then fatigue should be minimum and FIG. 2. Instantaneous firing rates of 3 units are shown in the top 3 panels along with isometric force and surface EMG measured from tibialis anterior (TA) muscle. The subject modulated the firing rate of the tonically firing Unit 1. The higher-threshold Unit 2 and Unit 3 fired phasically until Unit 3 started to discharge tonically, whereas Unit 1 and Unit 2 stopped discharging around 460 s. Relative sizes and shapes of the simultaneously recorded 3 units are shown on the right; total duration for each motor unit trace is 7 ms. FIG. 3. Instantaneous firing rates of 3 simultaneously recorded motor units from the soleus muscle. Whereas Unit 1 and Unit 2 fired tonically at the start of recruitment, Unit 3 became tonic after about 350 s when all 3 units fired with a very small amount of EMG. Later, while Unit 1 continued to fire tonically, Unit 2 and Unit 3 interchanged tonic and phasic behavior. Relative sizes of the 3 units are shown on the right. Total duration of each motor unit trace is 7 ms. recovery fastest for the lower-threshold motoneurons. To assess this, sets from the constant rate firing protocol with total firing duration Ͼ600 s and that showed rotation were considered for the following analysis (see METHODS). The total duration of the set and discharge durations of each unit in the set were measured. For example, the total duration of the set in Fig. 1A was 1,010 s, LT units fired for 842 s, and HT units fired for a total of 304 s. Unit 1 (LT) fired for 83% of the total time, whereas Unit 2 (HT) fired for 42% of the total time. The total percentage firing times were measured for 19 sets of units and only 5 of these sets had middle threshold (MT) units. The mean Ϯ SD percentage firing times for LT, MT, and HT groups of units were, respectively, 72 Ϯ 19, 46 Ϯ 23, and 36 Ϯ 25. A one-way independent ANOVA showed there was a significant effect of motor unit group (LT, MT, or HT) on the percentage total motor unit firing duration [F(2,40) ϭ 12.47, P ϭ 0.000]. For the 5 sets that had MT units-although the difference between LT and MT durations and the difference between MT and HT durations did not reach significance (P ϭ 0.054; P ϭ 0.754)-the trends are in the right direction. For the 19 LT-HT pairs, post hoc tests revealed that low-threshold units fired for significantly longer periods than high-threshold units (P ϭ 0.000). Data for these 19 LT-HT pairs are plotted in Fig. 4 ; each set is shown by a thin line, whereas mean and SE for the group are plotted by the thick line. These results imply that even when the units are rotating, the lower-threshold units have the tendency to discharge for longer durations than higherthreshold units.
D I S C U S S I O N
Rotation of motor units has been discussed on and off for almost a century, although it has received very little attention due to the absence of any proof of its existence in the literature (Stuart and Enoka 1983) . In fact, rotation may be a common physiological phenomenon and we have simply not applied proper experimental protocols to observe it. A few recent studies have reported rotation among motoneurons innervating the postural muscles (Jensen et al. 2000; Westgaard and De Luca 1999) and limb muscles (Bawa et al. 2006 ). The present work extends such observations to motoneurons innervating the hand muscles and additional forelimb muscles. Furthermore, it is shown that force or firing rate does not have to be maintained constant to observe rotation; even during substantial rate modulation of tonically firing units, rotation is observed among motoneurons of a pool.
Even though only a few studies have reported observing rotation, one can infer its existence from many other observations in the literature that did not directly focus on rotation, but demonstrated either the inability of the motoneuron to maintain its firing rate or its complete failure to discharge. In the cat, it is well accepted that high-threshold motoneurons are capable of discharging for only short periods and then they cease to fire when the injected current is maintained constant (Kernell and Monster 1982) . In humans, Peters and Fuglevand (1999) showed that as force during maximum voluntary contraction declined, many motoneurons ceased to fire within 1 min of recruitment, in spite of continued synaptic drive. These studies imply that high-threshold motoneurons cannot continue to fire for Ͼ1 min. For submaximal, but relatively strong contractions, high-threshold units stop discharging, in spite of increased EMG or increased synaptic input to the motoneuron pool (Garland et al. 1994 ). These observations suggest changes in the intrinsic properties of higher-threshold motoneurons that render them incapable of further discharge. It has also been shown that a motoneuron requires stronger synaptic input to maintain a constant firing rate (Johnson et al. 2004) . If synaptic input is not increased, the firing rate of a motoneuron first decreases (Enoka et al. 1989 ) and then the motoneuron ceases to fire. For 50% maximum voluntary contractions (MVCs), Carpentier et al. (2001) reported an increase in threshold of low-threshold units and a decrease in threshold of the higherthreshold units in the first dorsal interosseous muscle. These are supported by our observations in Figs. 2 and 3. Carpentier and colleagues also reported these changes to be transient because recovery occurred within 15-30 min of rest. We also observed recovery over a few minutes; in fact we believe it is recovery that leads to rotation among units. Another set of studies have shown rotation, but have not reported it as such. Kato et al. (1981) showed rotation among slightly higher threshold units while the lowest-threshold units continued to fire. Eken (1998) reported changes in the recruitment of tonically firing motor units. However, instead of rotation these authors attributed the observations to the occurrence of plateau potentials. From all of these observations one comes to the conclusion that relatively high threshold motoneurons fail to discharge for prolonged periods. It would thus not be wrong to extrapolate that low-threshold motoneurons exhibit the same behavior, but on longer timescales, of the order of 5-10 min. 
Increase in threshold
One could call the phenomenon of increased threshold late adaptation (Kernell and Monster 1982) , accommodation (Bradley and Somjen 1961; Schlue et al. 1974) , or fatigue. Since the term "fatigue" is not generally used for neurons, we will refer to it as "accommodation," although "fatigue" is a more selfexplanatory behavioral term. The original definition of accommodation would attribute it exclusively to inactivation of fast voltage-gated sodium channels. We suggest that it could also involve slow inactivation of a number of channels and slowing of the Na ϩ -K ϩ pump. It appears to be a cumulative phenomenon in which inactivation of channels and/or slowing of the pump makes the motoneuron unable to continue to discharge without additional input (Miles et al. 2005; Powers and Binder 2001) . If complete shutdown of discharge happens to higherthreshold motoneurons (Kernell and Monster 1982; Peters and Fuglevand 1999) , one can expect the same behavior from low-threshold (Ͻ10 -15% MVC) motoneurons but on a longer timescale. Increases in threshold can be dealt with by either increasing synaptic input to the whole pool or letting the neuron rest and recover. The former possibility is less attractive, whereas the latter possibility prevents the muscle unit from experiencing fatigue. Thus a short rest accompanied by temporary substitution by another unit may constitute a better solution for ensuring adequate and continued muscle performance.
Decrease in threshold
A decrease in firing threshold is generally seen right after a motoneuron is recruited (Gorassini et al. 2002) , which has been attributed to persistent inward currents (PICs). Based on the current study, we suggest that the threshold of motoneurons that substitute for the lower-threshold units decreases during prolonged firing. It is possible that as the "command" synaptic input to the pool increases during prolonged firing, PICs increase in parallel for all motoneurons. Based on the study by Svirskis and Hounsgaard (1997) , we suggest that in those units that were not firing, PICs help to amplify the synaptic inputs and cause them to start discharging at a relatively lower threshold (Fig. 3) . Force and EMG records of Figs. 2 and 3 show that occasionally, when the highest-threshold units start to fire tonically, there is very small synaptic input to the whole pool, supporting a decrease in recruitment threshold of the higher-threshold unit. It is further suggested that just as motoneurons have a uniform common drive of command inputs (De Luca and Erim 1994) , PICs are also distributed uniformly across the pool. The reason as to why the lower-threshold, tonically firing units find it difficult to discharge, even if they have additional PICs, is because accommodation (i.e., inactivation of various channels and slowing of Na ϩ -K ϩ pump) may be the stronger factor and supersede the PICs and command synaptic inputs.
Additional factors contributing to rotation
Intrinsic properties of motoneurons, inactivation of channels, and PICs may not be the exclusive determinants of rotation. It is possible that with continued activity of spinal neural pathways, some interneurons may contribute by changing the weight of inputs to various motoneurons. Inhibitory feedback from the fatigued muscle via group III and group IV afferents has been suggested to decrease motoneuron firing rates (Woods et al. 1987) . Although it may be one of the factors contributing to the increase in threshold of the motoneuron, there are two problems with source in explaining our results. First, one would expect the inhibitory reflex feedback to affect a large number of motoneurons rather than just the target motoneuron. Second, it has been demonstrated that for the elbow flexors and extensors, group III-IV inhibition acts only on extensors and not on the flexors, thus meaning that this reflex inhibition is not universal (Martin et al. 2006) . In the present study, rotation has been observed in a variety of muscles including both extensors and flexors.
Partitioning of muscle, reflex feedback, and the motoneuron pool at a very fine level were previously demonstrated (Windhorst et al. 1989) . With prolonged firing, there may be internal mechanical adjustments in various fascicles of the muscle. Switching between task groups can occur, of course, as a result of discomfort during fatigue (Zijdewind et al. 1995) . This discomfort may result from pain setting in during sustained postural contractions involving the skin and tendons. When a subject is asked to maintain a constant force for Ͼ10 -20 min, the subject may make subtle changes in posture to alleviate pain at the joint position that exerted force against the measuring device. Any inadvertent postural modifications during long contractions might change net excitatory input to specific motoneurons. If recruitment thresholds are close, rotation can occur. These adjustments may also result in changed afferent feedback onto small subpopulations of the motoneuron pool, exciting some and deexciting others. Literature on recruitment of motoneurons has shown that for contractions under physiological conditions, motoneurons are recruited according to the size principle. Yet, there are large numbers of inputs to the pool whose magnitude is not correlated with the size of the motoneuron. Some inputs from the brain stem and cutaneous afferents are preferentially focused on large or small motoneurons (Kernell 2006; Powers and Binder 2001) . Although Ia afferents in the cat and corticomotoneuronal cells in the monkey have been shown to make synaptic connections with 95% of the motoneurons of the homonymous/agonist pool (Henneman and Mendell 1981; Palmer and Fetz 1985) , Ia afferents make stronger connections with motoneurons at the level at which they enter the spinal cord (Henneman and Mendell 1981) . The same is possibly true of other inputs. The balance of various excitatory and inhibitory inputs, spinal and supraspinal, may change during prolonged firing, leading to transient firing of some new units and inhibition of others.
An obvious two-part question one may ask is: How long can a motoneuron fire and is it possible to quantify rotation? How long a motoneuron fires depends on the balance between the net excitatory inputs (command and PICs) and various fatiguing factors. As long as the net excitatory inputs exceed fatigue, the neuron continues to discharge. For very high threshold motoneurons, fatigue outweighs the maximum possible excitatory inputs very fast and the motoneuron stops firing (Peters and Fuglevand 1999) . For a lower-threshold motoneuron, as long as the net excitatory input exceeds the fatiguing factors, the motoneuron can be made to discharge for long periods (Johnson et al. 2004; Smith 1934) . As the net excitatory input is being increased for the fatiguing motoneurons, fresh motoneurons are recruited. If at this stage one stops increasing the excitatory inputs (or actually decreasing them slightly), the fatigued motoneuron will stop firing and some newly recruited units will continue to fire. Which of the higher-threshold motoneurons will substitute will depend on the motoneuron that has the most excessive amount of excitation on it. In human experiments, one does not have a choice on the absolute thresholds and differences between thresholds of two to three motor units that the tip of the electrode records. Therefore quantifying parameters of rotations for each motoneuron will need to be done under very controlled experimental conditions in reduced preparations.
Rotation and its effect on size principle
An abundance of studies propose distribution of various synaptic inputs to the motoneuron pool in reduced animal preparations (Kernell 2006) . Although preferential synaptic inputs have been shown to act on smaller or on larger motoneurons (Powers and Binder 2001), the recruitment order during physiological contractions has always been shown to recruit motoneurons from small to large, thereby implying that the size of the motoneuron is the main determinant of the recruitment order. Based on the original studies relating muscle unit size to recruitment threshold (Milner-Brown et al. 1973) , we assume in the present study that the lower-threshold units were the smaller motor units. The present study shows that among the motoneurons studied, when rotation occurs during prolonged contractions, the lower-threshold motoneurons fire for longer durations than higher-threshold motoneurons. When lower-threshold motoneurons cease to fire, they recover faster, thus minimizing the need for substitution by higher-threshold units. These results suggest that even when motoneurons fire intermittently, smaller motoneurons contribute to the contraction for longer periods than larger motoneurons do. Various factors that result in size-related orderly recruitment of motoneurons (Kernell 2006 ) still favor longer activity of smaller motor units.
Conclusions
Observations of this study suggest that rotation of activity among low-threshold motor units is a common phenomenon during prolonged contractions, irrespective of the size and function of the muscle. Temporary substitution of fatigued motoneurons by slightly higher threshold motoneurons ensures continued contraction without much additional error in the force output (Senn et al. 1997 ). 
